Outcomes of Epithelium-Off CXL/Shafik Shaheen et al cases were examined, diagnosed, and treated at Horus Vision Correction Center, Alexandria, Egypt. Inclusion criteria were presence of keratoconus according to the Rabinowitz criteria, 13 evidence of keratoconus progression manifested by continuous deterioration of vision, increase of central keratometric readings by 1.00 diopter (D) or more over a period of 1 year, and frequent readjustment of contact lenses (more than twice a year). Exclusion criteria were pachymetric measurements of less than 400 microns, severe dry eyes, corneal scarring, previous ocular surgeries, chronic ocular inflammation, and autoimmune diseases. Pregnant and nursing women were also excluded. This study was revised and approved by the ethics committee of the Faculty of Medicine of the University of Alexandria. A consent form was signed by all patients following the tenets of the Declaration of Helsinki.
surgical Procedure
The surgical procedure was performed under sterile conditions in the operating room. Two drops of topical anesthesia were instilled twice before surgery (benoxinate hydrochloride 0.4%) and then an eyelid speculum was inserted. The corneal epithelium was removed over an entire area of 9 mm in the center of the cornea using the Amoils brush (Amoils Brush Epithelial Scrubber; Innovative Excimer Solutions, Toronto, Canada). Table  1 describes the treatment method used.
A soft bandage contact lens was applied at the end of the procedure until reepithelialization was complete.
Topical moxifloxacin hydrochloride drops (Vigamox; Alcon Laboratories, Inc., Fort Worth, TX) were prescribed to be applied four times daily for 7 days, prednisolone acetate 1% drops (Econopred plus; Alcon Laboratories, Inc.) three times daily for 20 days, and 0.3% hydroxypropyl methylcellulose drops (Tears Naturale; Alcon Laboratories, Inc.) six times daily for 2 months.
clinical Protocol
In all patients, a complete preoperative examination was performed that included manifest refraction, uncorrected (UDVA) and corrected (CDVA) distance visual acuity testing, slit-lamp anterior segment examination, corneal topography, and anterior segment imaging using the Pentacam-HR system (Oculus Optikgeräte GmbH, Wetzlar, Germany), applanation tonometry, and funduscopy. With the Pentacam topography system, the following topographic and pachymetric parameters were recorded and evaluated: flattest and steepest keratometric readings, maximum keratometry, magnitude of corneal astigmatism in the central 3-mm zone, central corneal thickness, minimum corneal thickness and Cartesian coordinates of its position (x and y), maximum anterior corneal elevation for an 8-mm diameter and Cartesian coordinates of its position (x and y), maximum posterior corneal elevation for an 8-mm diameter and Cartesian coordinates of its position (x and y), anterior chamber volume and corneal volume, and anterior chamber depth.
Postoperatively, patients were examined the day after surgery and at 1 week, 1 month, 3 months, and 1 year postoperatively. After this, all patients were examined once per year during a 7-year follow-up. During the first week after surgery, the corneal status was reevaluated carefully. After complete epithelialization, the therapeutic contact lens fitted at the completion of surgery was removed. Thereafter, the same clinical protocol used preoperatively was followed for all postoperative visits. To simplify the analysis, we have analyzed and compared in the current study the results at 1, 3, and 7 years after surgery.
statistical analysis
Data analysis was performed using SPSS for Windows software (version 19.0; SPSS Inc., Chicago, IL). Normality of data samples was evaluated by the KolmogorovSmirnov test. When parametric analysis was possible, the Student's t test for paired data was used for data comparisons between the consecutive visits. The Wilcoxon ranked-sum test was applied to assess the significance of such differences when parametric analysis was not possible. Differences were considered to be statistically significant when the associated P value was less than .05. Outcomes of Epithelium-Off CXL/Shafik Shaheen et al RESULTS A total of 34 eyes from 24 patients (15 females, 9 males) with progressive keratoconus were included in the study. The mean age of the sample was 24.7 ± 7.4 years (median: 22 years; range: 16 to 44 years). A total of 19 (55.9%) right eyes and 15 (44.1%) left eyes were included. All patients completed the 7-year follow-up. Table 2 summarizes the preoperative and postoperative visual and refractive outcomes obtained in the current study. As shown, a significant reduction of manifest sphere, cylinder, and spherical equivalent was observed at 1 year after surgery (P ≤ .006), with an additional small but statistically significant reduction between the 1-and 3-year postoperative visits (P ≤ .002). No significant changes in refraction were observed during the last 4 years of the follow-up (P ≥ .156). A significant improvement in CDVA was detected at 1 year after surgery (P < .001), with an additional significant improvement between 1 and 3 years postoperatively (P = .001). No significant changes in CDVA were detected at the end of the follow-up (P = .518). Gains of lines of CDVA were found in a total of 67.55%, 73.53%, and 73.53% of eyes at 1, 3, and 7 years after surgery, respectively (Figure 1 ).
Visual and refractiVe outcomes

corneal toPograPhic and tomograPhic changes
Table A (available in the online version of this article) summarizes the corneal morphologic changes occurring after surgery in the analyzed sample. As shown, progressive significant changes were observed during the whole follow-up period in the keratometric readings, with a flattening effect at 1, 3, and 7 years after surgery (P ≤ .041) (Figure 2) . In contrast, changes in the magnitude of keratometric astigmatism did not reach statistical significance at any time point of the follow-up (P ≥ .118). Regarding pachymetry, a significant central thinning was observed at 1 year after surgery (P < .001), with no significant changes afterward (P ≥ .112). Similarly, a significant change in corneal volume was only observed at 1 year postoperatively (P = .016). Likewise, a significant change was observed in the x (P = .040) and y (P = .022) coordinates of the Outcomes of Epithelium-Off CXL/Shafik Shaheen et al point of minimum thickness between 1 and 3 years after surgery (Figure 3) .
Anterior maximum elevation only experienced a significant change between 1 and 3 years after surgery (P = .002), whereas the posterior maximum elevation experienced significant changes at all time points of the follow-up (P ≤ .034) (Figure 3) . The position of anterior maximum elevation also experienced a significant change, with the x coordinate changing significantly at 1 year (P = .034) and the y coordinate between 3 and 7 years postoperatively (P = .042) (Figure 3) . Furthermore, the x coordinate of the point of maximum posterior elevation also changed significantly at 1 year after surgery (P = .002) (Table A and Figure 3 ).
anterior segment changes Table B (available in the online version of this article) summarizes the anterior segment changes occurring after surgery in the analyzed sample. No significant changes with surgery were detected in anterior segment volume (P ≥ .377) and anterior chamber depth (P ≥ .142).
DISCUSSION
Since the first experiences reported, CXL using riboflavin and UVA 370-nm radiation with epithelium removal has been shown to be an effective procedure to halt the progression of keratoconus.
14 Several topographic, refractive, aberrometric, and pachymetric changes have been described in the short term after this procedure.
2-4,6,7,9,14 However, long-term studies are still limited because the technique was developed and implemented in clinical practice in the past decade. 5, 8, 10 There is evidence of topographic keratoconus progression despite stability for a long-term period after CXL. 15 The current study evaluated the clinical outcomes, including visual acuity, refraction, and topographic and tomographic anterior segment changes of epithelium-off CXL during a 7-year follow-up.
In our sample, besides the visual and refractive improvement found at 1 year after surgery, we observed an additional small but statistically significant reduction of the refractive error between the 1-and 3-year postoperative visits, with an associated improvement in CDVA. No significant changes in visual and refractive parameters were detected afterward, although there was an additional significant flattening of the cornea between 3 and 7 years after surgery. This significant additional flattening in the long term was small in magnitude, generating minimal impact on manifest refraction and not inducing significant refractive changes. In any case, it should be considered that the determination of refraction in keratoconic eyes is not as reliable as in healthy eyes, with some problems Outcomes of Epithelium-Off CXL/Shafik Shaheen et al of repeatability. 16 All of these outcomes suggest that long-term visual and refractive changes, even 3 years after surgery, can occur after CXL. These changes are related to topographic changes also occurring in the long term in variables such as keratometry or corneal elevation. Ghanem et al. 8 found that there were significant improvements in UDVA, CDVA, topographic metrics, and most corneal higher order aberrations at 2 years after CXL. However, these authors did not analyze changes between different visits of the follow-up. Similarly, Raiskup et al. 10 found a statistically significant decrease of apical keratometry and a significant improvement in CDVA at 10 years of follow-up after CXL, but the authors did not compare changes occurring between different visits of the follow-up. In addition to refractive and keratometric changes, a 3% rate of loss of CDVA was found in our series. This may be related to changes in higher order aberrations limiting the eye resolution and even increased ocular scattering due to local changes in corneal transmittance. It should be mentioned that no corneal scar or leukoma was visible at slit-lamp examination during the longterm follow-up. Likewise, no corneal infection or any other severe complication was reported.
Several factors may have accounted for those changes found during the follow-up in our series, such as a long-term induced reorganization of corneal collagen lamellae or structural modifications leading to enhanced mechanical properties of the cornea or epithelial changes. Although there are several studies evaluating the microscopic structural changes occurring after CXL in the initial postoperative period, [17] [18] [19] [20] there are no studies analyzing these potential changes in the long term. Among initial changes after CXL, the following are the most notable: stromal collagen compaction and remodeling leading to temporary haze of the anterior-mid stroma, loss of keratocytes with honeycomb edema and apoptotic bodies, keratocyte regeneration starting at 3 months and being completed at 6 months postoperatively, and loss of subepithelial and stromal nerves, with a complete regeneration at 12 months after surgery and fully restored corneal sensitivity. [17] [18] [19] [20] Likewise, a thinner and more homogeneous remodeled epithelium has been observed in keratoconic eyes treated with CXL. 21 All of these modifications have been shown to induce an initial significant corneal thinning after surgery, with the corresponding reduction of corneal volume. 22 However, the cornea tends to recover its original volume during the 24 months after CXL with a persistence of the efficacy of surgery. 5 This trend was also observed in our series. Besides pachymetric modifications, significant changes were found in our series during the follow-up in the position of the points of minimum thickness and maximum anterior and posterior elevation. An initial change was observed in the x coordinate of the point of maximum anterior and posterior elevation in favor of recentering the cone, this being one of the major benefits of CXL besides keratoconus halting and stabilization. This would generate a lower level of irregularity of the cornea, allowing the clinician to obtain a more reliable refraction. In addition, changes in the y coordinate of the point of anterior maximum elevation occurred in the last period of the follow-up. This suggests that aging may have also influenced the outcomes reported in this study.
The stiffness of the human cornea is demonstrated to increase by a factor of approximately two between the ages of 20 and 100 years. 23 In our sample, most patients were within this age range and therefore age-related corneal stiffness changes should have influenced the outcomes and may explain those changes occurring in the long term after CXL. Elsheikh et al. 24 demonstrated that considerable stiffening occurred with age, with a behavior closely fitting an exponential power function. These authors suggested that this age-related increase in stiffness could be due to age-related non-enzymatic CXL affecting the stromal collagen fibrils. 24 Therefore, it is difficult to define the specific factors contributing to the changes occurring after CXL in the long term because it is influenced by a multifactorial process. However, in our series, it was clear that no significant deterioration of visual, refractive, and topographic outcomes compatible with keratoconus progression was present in the 7-year follow-up.
Therefore, this study confirms that epithelium-off CXL is able to stabilize the corneal structure in keratoconus, with a potential additional CXL effect related to age-related stiffness modifications in the long term. Besides changes in the position of the points of maximum anterior and position elevation, significant changes were detected during the follow-up in the magnitude of these maximum elevation values. Specifically, there was a reduction in maximum anterior elevation between 1 and 3 years after surgery and also in maximum posterior elevation at 1, 3, and 7 years postoperatively. This confirms that the corneal structure is changing after CXL in the long term, possibly due to, as previously mentioned, age-related stiffness. The analysis of maximum anterior elevation and maximum posterior elevation allows the clinician to monitor those changes occurring in ectatic corneas in a more detailed way than with refractive or corneal curvature data. This analysis may possibly be a better and more objective evaluation of keratoconus progression.
This article has some drawbacks that should be considered. First, no control group or comparison with Outcomes of Epithelium-Off CXL/Shafik Shaheen et al other types of treatments used in keratoconus was performed. Future comparative studies should be performed to confirm the long-term efficacy of CXL effect compared to other options. Second, no questionnaire evaluating patient satisfaction with the outcomes of the surgery was used. This would have allowed us to confirm whether the improvements observed in some visual, refractive, and topographic parameters were consistent with the subjective perception of the patient.
The efficacy of epithelium-off CXL using riboflavin and UVA 370-nm radiation in progressive keratoconus is maintained until 7 years after surgery, confirming the benefit of this therapeutic option to halt the progression of this disease. Concerning refractive measurements, they should be interpreted with caution as the reliability and repeatability of manifest refraction in keratoconus have been shown to be limited 16 and also have been affected by accommodative changes, especially in younger patients with strong accommodation capacity. The long-term CXL effect is combined with the natural age-related corneal stiffening, providing a satisfactory outcome and corneal stability. Future studies should be conducted to evaluate the long-term microscopic structural changes occurring after CXL. 
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